Introduction
Dentinogenesis is regulated by a single layer of postmitotic odontoblasts originating from the neural crestderived cells of the dental papilla [Arana-Chavez and 3.6-GFP pOBCol3.6GFP AA ascorbic acid AR-S alizarin red S ␤-GP ␤-glycerophosphate DEX dexamethasone Dmp1 dentin matrix protein 1 DSPP dentin sialophosphoprotein FBS fetal bovine serum PBS phosphate-buffered saline for examination of cell differentiation and in the methods/reagents used to induce cell differentiation make it difficult to compare the results from various in vitro studies.
We have used pOBCol3.6GFP (3.6-GFP) and pOBCol2.3GFP (2.3-GFP) transgenic animals to gain insight into stem/progenitor cells in the adult murine dental pulp [Braut et al., 2002 [Braut et al., , 2003 Mina and Braut, 2004; Balic and Mina, 2005] . Our analysis of the pattern of expression of Col1a1-GFP transgenes in the developing teeth of 2.3-GFP and 3.6-GFP mice show that, in developing teeth, expression of 3.6-GFP and 2.3-GFP are well correlated with different stages of odontoblast differentiation. 3.6-GFP and 2.3-GFP are expressed at low but detectable levels at the bell stage (embryonal day 18) of tooth development. At the late bell stage of tooth development (embryonal day 19), high levels of Col1a1-GFP are expressed in functional odontoblasts engaged in the secretion of a thin layer of predentin. At the secretory stage of crown formation during postnatal growth (postnatal days 1-5), high levels of Col1a1-GFP are expressed in the entire layer of odontoblasts covering the dental pulp and extend into the odontoblast processes. Comparison of the patterns of expression of Col1a1-GFP with those of dentin sialophosphoprotein (DSPP) and dentin matrix protein 1 (Dmp1) show that during odontoblast differentiation, Col1a1-GFP transgenes are activated prior to the expression of DSPP (specific marker for odontoblasts) [Braut et al., 2002 [Braut et al., , 2003 Mina and Braut, 2004; Balic and Mina, 2005] . Our transplantation studies [Braut et al., 2003 ] resulted in the characterization of multipotent cells from dental pulps that are capable of giving rise to multiple cell types including odontoblasts secreting dentin, cartilage as well as osteoblasts secreting bone-like matrices. Dentin-like matrices were composed of tubular-containing matrix lined with cells expressing high levels of 2.3-GFP and DSPP and very few if any osteocyte-like cells. On the other hand, bone-like matrices were composed of atubular-containing matrix with osteocyte-like cells embedded within the matrix expressing high levels of 2.3-GFP and Dmp1. More recently, we have initiated studies using primary cell cultures derived from the co ronal portion of dental pulp from these transgenic mice [Balic and Mina, 2005] . The goal of this study was to examine and compare the effects of various differentiation-inducing media on mineralization, cell morphology and expression of 3.6-GFP in primary dental pulp cultures.
Materials and Methods

Primary Pulp Cultures
The coronal portions of the pulps from first molars of 5-to 7-day-old hemizygous pOBCol3.6GFP mice was isolated and digested with an enzyme mixture containing 0.05% trypsin (Invitrogen) and 1.5 U/ml Collagenase P (Roche) in phosphate-buffered saline (PBS) at 37 ° C for 30 min on a rocking platform. A singlecell suspension was obtained by passing the cells through narrowed Pasteur pipettes and a 70-m strainer. Cells were counted using 0.4% Trypan blue and plated at 5 ! 10 5 cells/well in 35-mm culture plates. Cells were grown first in media containing Dulbecco's modified Eagles' medium (Invitrogen) containing 20% fetal bovine serum (FBS; Hyclone), 40 U/ml penicillin and 40 g/ ml streptomycin, 0.1 g/ml Fungizone (Invitrogen) and 2 m M glutamine (Invitrogen) at 37 ° C and 5% CO 2 . Three days later, the media were changed to media containing 10% FBS. On day 7, when the cells reached confluence, mineralization-promoting media was added to the cultures. The differentiation media consisted of ␣ -MEM, 10% FBS, 50 g/ml ascorbic acid (AA), and different concentration (4 and 8 m M ) of ␤ -glycerophosphate ( ␤ -GP) and 10 -8 M dexamethasone (DEX).
Digital Imaging and Epifluorescence Analysis in Cell Culture
GFP expression in cell culture was visualized using an Olympus IX50 inverted microscope equipped with an IX-FLA inverted reflected light fluorescence (Olympus America Inc.). A specific excitation wavelength was obtained using filters for GFPtpz (exciter: D500/20; dichroic: 525DCLP; emitter: D550/40). Images were captured using a SPOTcamera (Diagnostic Instruments Inc.). Phase contrast images were converted to grayscale.
Detection and Quantification of Mineralization in Cultures
The mineralization in these cultures was assayed using von Kossa and alizarin red S (AR-S) staining to examine the phosphate and calcium deposits/contents, respectively. For von Kossa staining, cells were fixed for 10 min in 2% paraformaldehyde in 0.1 M sodium cacodylate, pretreated for 20 min with saturated lithium carbonate solution and washed with deionized water. The plates were incubated with 5% silver nitrate solution for 2 cycles using the UV Stratalinker (Strategene). Cultures were washed with water, treated briefly with 5% sodium thiosulphate solution to remove the background, air dried and photographed.
AR-S staining and quantification were performed as previously described [Stanford et al., 1995] with minor modifications. Cultures were rinsed with PBS, fixed for 1 h with cold 70% ethanol, and stained for 10 min with 40 m M AR-S (Allied Chemicals), pH 4.2, at room temperature on the rotating platform. After staining, cultures were rinsed with water several times and incubated with PBS for 15 min. Stained cultures were photographed and processed for quantification of AR-S staining. AR-S was extracted using 10% cetylpyridinium chloride in 10 m M sodium phosphate, pH 7.0, for 30 min at room temperature. The procedure was repeated several times to ensure complete extraction of the dye. Aliquots of the extracted materials were pooled and diluted with 10% cetylpyridinium chloride. The concentration of AR-S in different cultures was determined spectrophotometrically using an ELISA reader with a 562-nm filter, using an AR-S standard curve.
Results
Primary cultures were established from coronal portions of the pulps (first molars) from 3.6-GFP mice. Differentiation and mineralization were induced by addition of the media containing 50 g/ml AA and 4 m M ␤ -GP at day 7 and then for the duration of the experiment (21 days). As the first step, we examined the effects of various differentiation-inducing media on the amount and extent of mineralization in these cultures by van Kossa and AR-S staining 7 days after addition of differentiation-inducing medium. There was no evidence of mineralization in primary pulp cultures grown in the presence of only AA ( fig. 1 a) . On the other hand, there was extensive mineralization in cultures treated with AA and ␤ -GP ( fig. 1 a) . Quantitative analysis showed no significant differences in the amount of AR-S-stained matrix in cultures treated with 4 and 8 m M ␤ -GP ( fig. 1 b) . However, addition of DEX to primary cultures resulted in significant increases in the amount and extent of mineralization compared with cultures treated with ␤ -GP ( fig. 1 a,  b) . RT-PCR analysis showed that mineralization in these cultures was associated with increases in the expression of selected known markers of mineralization, including osteocalcin, DMP1 and DSPP (data not shown).
The differences in the amount and extent of mineralization were accompanied by differences in the cell morphology. Cultures treated with only AA contained fibroblast-like cells with short processes ( fig. 2 a) . Mineralized nodules formed in cultures treated with AA and ␤ -GP contained multilayered fibroblast-like cells ( fig. 2 b) , whereas cells in mineralized nodules in cultures grown in the presence of DEX displayed cuboidal morphology ( fig. 2 c) . As the next step, we examined the expression of 3.6-GFP in the primary culture-derived dental pulp. Expression of GFP in these cultures was also examined by inverted fluorescence microscopy using a GFP-appropriate filter. Under these conditions, weak but detectable levels of 3.6-GFP were detected in a few scattered cells at day 3 ( fig. 3 a, d) . At day 7, elevated levels of 3.6-GFP were expressed in clusters of cells and intensified in well-demarcated nodules at days 10 and 14 ( fig. 3 b, e, h; data not shown). In these cultures, there was close correlation between the areas of the cultures expressing high levels 3.6-GFP and areas of mineralization ( fig. 3 ). These cultures also contained clusters of cells that did not express 3.6-GFP but were surrounded by cells expressing 3.6-GFP ( fig. 3 c, f, i) . Low levels of 3.6-GFP were also expressed in cells between individual nodules ( fig. 3 ).
Discussion
In our study, we show that in primary cultures derived from the dental pulp of the 3.6-GFP transgenic mice, 3.6-GFP provides an important experimental tool for the identification and isolation of cells at different stages of odontoblast differentiation. In these cultures, intense expression of 3.6-GFP is seen in mineralized nodules containing dentin.
AA, in combination with ␤ -GP and DEX, has been used to induce in vitro mineralization of various cells, including bone marrow stromal cells [Herbertson and Aubin, 1995] as well as cultured murine dental pulp cells [Kasugai et al., 1993; Yokose et al., 2000; Yang et al., 2007; Yasuhara et al., 2007] . Our study showed that addition of 50 g/ml AA alone to the primary cultures derived from dental pulp did not support in vitro mineralization, which is consistent with previous observations on the cultured calvarial osteoblasts [Bellows et al., 1986; Bonewald et al., 2003 ] and rat dental pulp-derived cell line M2H4 cells [Ritchie et al., 2002] . AA increases hydroxylation of procollagen, resulting in the formation of stable collagen triple helix [Franceschi, 1992; Franceschi et al., 1994] . Treatment of fibroblasts and osteoblast cell lines (MC3T3-E1) with AA increased the expression of pro ␣ 1(I) collagen and collagen type I mRNA and protein, but did not support mineralization [Franceschi et al., 1994; Phillips et al., 1994; Chung et al., 1997] .
␤ -GP is an organic phosphate that serves as a source of inorganic phosphate after its hydrolysis by alkaline phosphatase [Chung et al., 1992] . It plays an essential role on in vitro mineralization of various cells including osteoblasts and cultured dental pulp cells [Chung et al., 1992; Kasugai et al., 1993; About et al., 2000; Yokose et al., 2000; Yasuhara et al., 2007] . We also show that ␤ -GP is essential for mineralization of primary cultures derived from dental pulp in vitro that is consistent with previous observations in murine dental pulp [Kasugai et al., 1993; About et al., 2000; Yokose et al., 2000; Yasuhara et al., 2007] . Our results show that 4 m M ␤ -GP is sufficient for induction of mineralization and that there are no significant differences in the amount and extent of mineralization in cultures grown in the presence of 4 and 8 m M ␤ -GP.
DEX is a synthetic glucocorticoid that together with AA and ␤ -GP stimulates proliferation and osteoblast differentiation of rat bone marrow stromal cells in vitro [Herbertson and Aubin, 1995] . Addition of DEX to cultured fetal rat calvarial cells induces adipogenesis and, thus, DEX is rarely used for the induction of mineralization in the calvarial cultures [Bellows et al., 1994] . Recent studies showed the negative and positive effects of DEX on proliferation and differentiation of human dental pulp cells [Alliot-Licht et al., 2005] .
Our observations also show increase in the amount and extent of mineralization in primary cultures derived from dental pulp after addition of 10 -8 M DEX that is con- d , e Intense expression of 3.6-GFP in mineralized nodules is shown. Areas in the cultures that express low to no GFP are marked by arrows. White asterisks indicate cells expressing high levels of 3.6-GFP associated with mineralized nodules. Scale bar = 1 mm. Fig. 3 . Expression of 3.6-GFP in differentiating primary den tal pulp. In each panel, the same positions in the cultures were examined under phase contrast and epifluorescent light ( d-f ). h , i Overlay of the phase contrast and epifluorescent images. Weak but detectable level of 3.6-GFP is expressed in scattered cells at day 3 ( a , d ). 3.6-GFP is expressed in mineralized nodules ( b , e , h ) at day 14. Arrows in b outline the mineralized nodules at day 14. c , f , i Representatives of clusters of cells devoid of GFP-expressing cells at day 14. Note the expression of 3.6-GFP in the surrounding cells. g Van Kossa staining of a 21-day culture showing the extensive mineralization of dental pulp cells in vitro. Scale bar = 1 mm. sistent with results reported by others [Kasugai et al., 1993; About et al., 2000; Alliot-Licht et al., 2005; Yasuhara et al., 2007] . DEX also changed the morphology of the cultured cell within mineralized nodules from elongated to cuboidal shape.
